erosclerotic lesions (fatty streaks) in the arteries of otherwise healthy young adults identified this disease process as an unusual form of chronic inflammation that begins early in life and that initiates within the tunica intima [1] . In humans, these early 'fatty streak' lesions take decades to grow into fibro-fatty plaques, which can develop into either rupture-prone unstable plaques characterized by large areas of necrosis and a higher content of macrophages or stable atherosclerotic plaques containing fewer macrophages and more substantial collagen-containing fibrous cap structures. Postmortem studies can identify 'culprit' atherosclerotic lesions that have ruptured and caused fatal arterial thromboembolism [2, 3] . In addition to macrophages, human atherosclerotic plaques contain dendritic cells, T lymphocytes, some B lymphocytes and vascular smooth muscle cells (VSMCs) . Clear evidence for adaptive immune responses affecting atherogenesis have been presented from epidemiological studies and experimental models [4] . Current vascular imaging technologies do not allow us to unambiguously distinguish macrophage-rich vulnerable plaques prone to rupture from larger more stable atherosclerotic plaques in highrisk patient groups.
in the 19th and 20th centuries, including Rudolph Virchow's 'lipid imbibition hypothesis' (ca. 1856), which emphasized the cellular uptake of lipid within atherosclerotic lesions, while the Austrian pathologist Carl von Rokitansky (ca. 1855) emphasized the role of humoral factors in arterial thrombosis associated with atherosclerotic plaques [5] . Both Virchow and von Rokitansky noted features consistent with ongoing inflammation in their atherosclerotic plaque specimens, but a more complete appreciation of the role of inflammation in atherogenesis had to await the development of monoclonal antibodies for immunohistochemistry and mouse models of atherogenesis. In the 20th century, VSMC proliferation and endothelial dysfunction took centre stage. Barrett and Benditt [6] emphasized the role of platelet-derived growth factor in driving clonal proliferation of VSMCs as a key process in atherogenesis, while the work of Russell Ross and colleagues emphasized the role of endothelial damage and subsequent VSMC proliferation in the initiation and progression of atherosclerosis. In a series of influential reviews, Ross [7] expounded the idea that atherosclerosis was the result of a maladaptive 'response to injury' in which changes in activated endothelial cells promoted the recruitment of inflammatory cells, particularly macrophages, within the intima.
In the 1970s, accumulating data from prospective studies such as the Framingham Heart Study and Multiple Risk Factor Intervention Trial clearly implicated dyslipidemia, especially elevated plasma low-density lipoprotein (LDL) cholesterol, as an important risk factor for the development of coronary heart disease. In the 1980s and 1990s, Steinberg et al. [8] championed the role of LDL oxidation as a key driver of atherosclerosis on the basis of experiments showing that modification of LDL by cultured endothelial cells made LDL more atherogenic in a range of in vitro assays. In 1995, Williams and Tabas' [9] 'response to retention' model of atherogenesis combined aspects of Ross' and Steinberg's thinking in a model which emphasized the role of trapped apolipoprotein B-containing lipoproteins, such as LDL, within the tunica intima as the key driver of intimal hyperplasia. More recently, the role of local and systemic inflammation as drivers of atherosclerotic plaque progression and especially plaque rupture has gained prominence [10] , but our current best medical treatments remain lipid-lowering drugs such as statins and antiplatelet drugs such as aspirin and clopidogrel. Though some of the effects of these and other drugs are thought to have an anti-inflammatory component, so far drugs that specifically target vascular inflammation or macrophage differentiation have not been tested in the treatment of cardiovascular disease.
Experimental Models of Atherosclerosis
Animal models have played an important role in framing our ideas about atherogenesis. All animal models of atherosclerosis rely on dramatic remodeling of endogenous lipoprotein profiles to initiate atherosclerotic lesion development within a realistic time frame [11] . The very earliest experimental evidence for the central role of elevated plasma cholesterol in the development of atherosclerosis came from the studies of Anitschow and Chaltow, who showed that they could induce atherosclerotic lesions in the aortae of rabbits fed a cholesterol-rich diet and that the extent of lesion formation was dependent upon the dose of cholesterol fed to the animal and the duration of feeding [12] . The importance of hyperlipidemia in driving atherosclerotic lesion development was confirmed in other large animal models, notably nonhuman primates [13] . However, it was only with the development of the apolipoprotein E (ApoE)
-/-mouse model of atherosclerotic plaque development in 1993, and the subsequent development of the LDL receptor -/-mouse model in 1994, that experimentalists could begin to use powerful genetic technologies and bone marrow transplantation techniques to directly address the role of specific genes and signaling pathways in atherosclerotic plaque initiation and progression [reviewed in 14 ] . Despite their many advantages for mechanistic studies, murine models of atherosclerosis have significant shortcomings, especially the lack of plaque rupture and subsequent arterial thrombosis and infarction [15] . While animal experiments have shown a pathological role for macrophage activation and differentiation in atherosclerosis, an elusive goal has been to show that the same mechanisms are important in human cardiovascular disease and ideally that they can be targeted for therapeutic benefit [16] .
Circulating Monocyte Subsets
Human Monocyte Subsets Human monocyte subsets in peripheral blood can be distinguished on the basis of the expression of CD14 and CD16 by surface receptor staining [17] . The analysis of multiple cell surface markers, augmented by transcriptomic studies, has been used to define 'classical' CD14 ++ CD16 -monocytes (approx. 90% of all circulating monocytes) and a less abundant 'nonclassical' CD14 + CD16 ++ monocyte population [18] . An important observation relevant to the study of atherogenesis is the finding that monocyte subsets defined by CD14 and CD16 staining exhibit differential expression of adhesion molecules and chemokine receptors known to be important for monocyte adhesion and recruitment [19] . Notably, CD14 ++ CD16 -monocytes express the chemokine receptor CCR2, while CD14 + CD16 ++ monocytes do not express it, but both subsets express the CX3CR1 chemokine receptor, which seems to be important both for the patrolling behavior of monocytes along endothelial cell surfaces [20] and in monocyte/macrophage survival [21] . It remains unclear whether there is differential recruitment of each monocyte subset into human atherosclerotic plaques, as is thought to happen in mice [22, 23] , although there are a number of reports linking elevated monocyte subset counts (monocytosis) with elevated plasma lipid levels, increased carotid intima medial thickness and elevated risk of cardiovascular disease.
Murine Monocyte Biology
The classic experiments of Ralph van Furth and Zanvil Cohn [24] demonstrated that nearly all murine macrophages present at a site of inflammation are derived from circulating monocytes rather than proliferation of cells present in situ. Reminiscent of the situation in human peripheral blood, FACS analysis allows identification of at least two murine monocyte subsets, Gr1 + Ly6C high 'inflammatory monocytes' and Gr1 -Ly6C low 'patrolling monocytes' [20, 25] . Of direct relevance to atherogenesis, ApoE -/-mice develop a Gr1 + Ly6C high monocytosis, in part due to an expansion of bone marrow progenitor populations and increased mobilization of monocytes from bone marrow via the CCR2 receptor [26] . In murine systems, differential labeling of circulating monocyte subsets has been achieved by intravenous injection of fluorescent latex microspheres. By combining in vivo labeling of monocytes in ApoE -/-and chemokine receptor double-knockout animals with aortic arch transplantation from ApoE -/-donor mice, Tacke et al. [22] were able to show that both CCR2 and CX3CR1 receptors are important for recruitment of the Gr1 +
Ly6C
high monocyte population into established atherosclerotic lesions. Using the bead labeling technique, Tacke et al. [22] showed a 73% decrease in the recruitment of CCR2 -/-Ly6C high monocytes into the atherosclerotic plaque compared to wildtype Ly6C high monocytes, while Ly6 low monocyte recruitment into plaques was unaffected by CCR2 deficiency. The authors concluded that this was due to both decreased CCR2-dependent mobilization of LyC6 high monocytes from bone marrow as well as decreased CCR2-dependent recruitment from the circulation into established atherosclerotic plaques [ 22 , reviewed in 25 ] . Interestingly, CX3CR1 was also required for recruitment of Ly6C high but not Ly6C low monocytes, despite the fact that these cells express significantly higher levels of the CX3CR1 receptor.
While both monocyte subsets are recruited to the atherosclerotic plaque, there are no definitive data tracing the origin of plaque macrophages. Therefore, it is not known if the phenotype of a macrophage is affected by the monocyte subset from which it is derived.
The Macrophage Differentiation Spectrum in vitro
Monocytes respond to their environment by differentiating into a range of heterogeneous macrophages and dendritic cell-like cells. This differentiation is dependent on interaction with a milieu of local factors that ultimately lead to changes in transcription factor activation and hence changes in gene expression [27] . The first stage in monocyte-macrophage differentiation is dependent on growth factors, including granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF). Thereafter, a variety of other stimuli cause polarization into diverse phenotypic states that have been classified by means of in vitro experiments as classically activated M1 cells and alternatively activated M2 cells [27] .
The M1/M2 Paradigm in vitro M1 cells are thought of as being proinflammatory. Their activation is dependent upon interferon (IFN)-␥ , a cytokine produced in vivo by T helper 1 (Th1) and CD8 + T cells and natural killer cells. This initial stimulus is then followed by a second activation signal, either from other proinflammatory cytokines such as tumor necrosis factor (TNF)-␣ or from Toll-like receptor activation by either exogenous stimuli such as microbial lipopolysaccharide (LPS) or endogenous stimuli such as minimally modified LDL and oxidized LDL (oxLDL) [28] . M1 macrophages are characterized by a proinflammatory secretome [including interleukin (IL)-1, IL-12 and TNF], prolific generation of bacteriocidal molecules (reactive nitrogen and oxygen species) and enhanced phagocytic capacity [28, 29] .
Conversely, the M2 macrophage classification encompasses a spectrum of predominantly anti-inflammatory phenotypes, and in vitro experiments have led to its further subdivision into M2a, M2b and M2c cells. M2a activation is caused by cytokines IL-4 and IL-13, produced primarily by Th2 cells. These macrophages secrete factors such as fibronectin and insulin-like growth factor, which cause increased deposition of extracellular matrix (ECM) and suggest a role in tissue repair [28] . They have been referred to as 'wound healing macrophages' [30] . M2b cells are generated by stimulation with IL-1 ␤ or LPS, as well as immune complexes binding to Fc ␥ receptors. They secrete predominantly anti-inflammatory mediators, notably IL-10. This is a potent anti-inflammatory cytokine that reduces the secretion of proinflammatory mediators by surrounding cells, including M1 macrophages, and impairs their activity as antigen-presenting cells [28] . Similarly, M2c macrophages, induced by IL-10 and transforming growth factor-␤ as well as glucocorticoid signaling, also secrete high levels of IL-10. This has led to both M2b and M2c cells being referred to as 'regulatory macrophages' [30] .
M1/M2 Markers
The evidence for macrophage phenotypic diversity is dependent on the use of cell type-specific markers, with relatively few useful monoclonal antibodies having been identified. A variety of these markers have been used in human and murine macrophages, including nuclear receptors, cell surface markers and differing secretomes. Some commonly used markers are listed in table 1 .
It is important to note that many in vitro and in vivo studies have used different markers to identify cells as M1 or M2, with limited evidence that all of these different markers are associated with the same macrophage phenotype. Therefore, cells labeled as M1 or M2 in one study may be phenotypically and functionally different from those labeled as such in a different study using different markers. Furthermore, there is much work in this field with both murine and human macrophages, and we know that there is significant interspecies variability between murine and human macrophage biology. For example, many markers of M2 activation have been shown to be murine-specific ( table 1 ) , with no identifiable human homologues. Indeed, transcriptional profiling of human and mouse macrophages shows that approximately 50% of macrophage polarization markers are species-specific [31] . The differences in macrophage biology in mouse and man have recently been reviewed [32] and illustrate the difficulty in making direct comparisons between the two. However, as discussed below, and despite these considerations and caveats, there is evidence that the in vitro classification of macrophage phenotype, or the 'M1/M2 paradigm', has some relevance to in vivo atherosclerotic plaque phenotype.
Macrophage Phenotype within Atherosclerotic Plaques
The atherosclerotic plaque contains a wide range of local factors, some of which are discussed below, including growth factors, cytokines and lipid mediators that have profound effects on monocyte differentiation into heterogeneous macrophage populations. This heterogeneity in atherosclerosis has long been recognized [33] , and macrophages expressing markers of M1 and M2 activation have been demonstrated in murine and human plaques [34, 35] . Furthermore, macrophages are known to be plastic cells that retain their ability to respond to their microenvironment and change their phenotype once differentiated. Therefore, changes in the plaque microenvironment are likely to profoundly alter the function of macrophages within it. Indeed, there is recent evidence that in ApoE -/-mice, initially the macrophages in early-stage ('fatty streak') plaques are of the M2 type, but as the plaque progresses in size and complexity, they become M1-like [36] .
Growth Factors
The growth factors M-CSF and GM-CSF are key components of monocyte-to-macrophage differentiation and are also known to influence macrophage phenotype [37] . Both have been detected in human atherosclerotic lesions [38, 39] . Under basal conditions, M-CSF circulates at de- tectable levels in vivo, and in vitro, it is constitutively expressed by certain cell types, including endothelial cells, fibroblasts and smooth muscle cells [40, 41] . In contrast to M-CSF, GM-CSF expression is low under basal conditions. However, inflammatory stimuli such as TNF and IL-1 enhance its expression in human arterial smooth muscle cells [42] , and oxLDL can do the same in endothelial cells and macrophages [43] .
In vitro incubation of monocytes with M-CSF or GM-CSF has contrasting effects on phenotype; M-CSF-differentiated cells secrete a cytokine profile that is more typical of M2 macrophages when stimulated with LPS, whereas those differentiated with GM-CSF have a secretome that is more typical of M1 macrophages [37] . This suggests that with plaque progression, an increase in GM-CSF expression in vivo contributes to the observed increase in M1-like cells.
Differences in the ratio of M-CSF to GM-CSF are known to alter macrophage gene expression, and this has been shown through in vitro experiments to be plastic. Pretreatment of cultured murine macrophages with either M-CSF or GM-CSF, followed by incubation with the other CSF, leads to a partial phenotypic switch towards gene and cytokine expression typical of the second factor [37] . This plasticity has also been demonstrated in human macrophages in vitro with the sequential addition of factors that promote differentiation towards both M1 and M2 phenotypes [44] . Isolated human macrophages were differentiated towards an M1 phenotype with proinflammatory stimuli, including GM-CSF and IFN-␥ , and then subsequently exposed to anti-inflammatory stimuli, including M-CSF and glucocorticoid. This microenvironmental switch induced a complete reversal of phenotype, with the loss of M1 markers and upregulation of M2 markers. Similar plasticity was seen in macrophages initially differentiated towards the M2 phenotype.
Plaque Cytokines
Within the plaque, macrophages are exposed to a complex array of cytokines derived from T cells and other macrophages, among other cell types [extensively reviewed elsewhere, e.g. 45 , 46 ] . The advanced plaque, especially in humans, is known to be an environment that contains many Th1-type lymphocytes, with consequently high-level expression of proinflammatory cytokines, including IFN-␥ [47] , which favor M1 polarization. Indeed, selective inhibition of Th1 differentiation retards atheroma formation in ApoE -/-mice, demonstrating the importance of Th1-cell derived cytokines in atherogenesis [48] .
As noted above, the current literature on cytokine expression in the murine atherosclerotic plaque suggests that in early lesions, default differentiation is towards an M2 phenotype, before the plaque progresses and M1 phenotypic differentiation begins to predominate. This is supported by in vivo murine studies showing that IL-4 cytokine knockout mice, with defective M2 differen tiation, have reduced fatty streak (early-lesion) formation [49] , but less marked differences are observed in advanced plaque burden [45] . Further in vivo evidence comes from studying the macrophage content of murine plaques at different stages of development. Early plaques in the ApoE -/-mouse were rich in IL-4, with undetectable levels of IFN-␥ . They were infiltrated primarily by M2 macrophages, identified by the murine-specific M2 marker arginase I. In contrast, lesions from older mice contained high levels of IFN-␥ , with IL-4 being almost absent. These plaques contained significant numbers of M1 macrophages, characterized by arginase II expression, as well as M2 cells [36] . Interestingly, this study also confirmed the plastic nature of macrophage differentiation in vitro, in response to the sequential addition of IFN-␥ and IL-4 and vice versa. A complete reversal of phenotype, as judged by the expression of either arginase I or arginase II, was demonstrated in vitro, although no direct evidence for this in vivo was presented.
Markers of both M1 (monocyte chemotactic protein-1) and M2 (mannose receptor) macrophages have also been found in advanced human lesions [34] . Staining for these markers demonstrated that M1 and M2 markers are found in cells in distinct locations within the plaque. M1-like cells tended to be within the lipid core, whereas M2-like cells were found in areas overlying the core, closer to the fibrous cap [50] . Furthermore, the M2-like cells were located in areas with high levels of IL-4 expression, consistent with the idea that macrophage differentiation is influenced by microenvironmental cytokines and also that while the advanced plaque may be Th1/M1 dominant, Th2/M2 phenomena may be focally important. Indeed, the possible importance of a focal Th2/M2 inter action has been demonstrated in a recent study using intraperitoneal murine filarial infection to induce a Th2-driven inflammatory response; this caused rapid in situ proliferation of resident tissue M2 macrophages with interestingly relatively little contribution from recruitment and differentiation of blood monocytes [51] .
Taken together, the above work with growth factors and cytokines suggests that the phenotypic state of a plaque macrophage is determined by both the stage of plaque development during which it enters and the location within the plaque that it occupies.
Lipids and Lipoproteins
Lipid and lipoprotein mediators have been shown to have pleiotropic and seemingly contrasting effects on macrophage differentiation. Global deletion of cholesterol efflux transporters in transgenic mice leads to increased macrophage cholesterol content, including in the plasma membrane. This is associated in vivo with accelerated atherosclerotic plaque formation and in vitro with an increase in the secretion of proinflammatory cytokines, suggesting enhanced polarization towards an M1 phenotype [52] . However, in vitro exposure of murine macrophages to oxLDL leads to increased transcription and activity of the enzyme arginase I, a marker of M2 differentiation, likely due to the effects of lipoproteins in addition to cholesterol uptake, such as their content of activators of peroxisome proliferatoractivated receptor-␥ , an M2-polarizing factor [53] . Furthermore, it is also known that pure cholesterol itself does not necessarily alter the phenotype of macrophages [54] . Therefore, while macrophage cholesterol uptake and foam cell formation are prominent within atherosclerotic plaques, the exact functional roles of these foam cells are not clear.
Limitations of the M1/M2 Paradigm
The contrasting M1/M2 phenotypes are based heavily on in vitro culture conditions in which a limited number of external factors are applied to monocyte/macrophages; in vivo, these cells are exposed to a much wider range of microenvironmental mediators simultaneously. Furthermore, there remain gaps in knowledge regarding the in vivo concentration of these mediators and their exact cellular sources. Therefore, a strict M1/M2 classification is unlikely to exactly represent in vivo macrophage phenotype, and a continuum of activation states is more likely ( fig. 1 ) . Indeed, it has been suggested that there is an infinite number of potential macrophage phenotypes [27] , and as discussed below, there have been several recent studies that question the M1/M2 paradigm altogether.
Outside of the M1/M2 Paradigm
Murine macrophages exposed to oxidized phospholipid in vitro have recently been shown to differentiate into a phenotype not fitting into the M1/M2 paradigm, termed the 'Mox' phenotype [55] . These cells expressed a range of 'Mox-specific' genes, including the marker heme oxygenase-1, and functionally had impaired phagocytic capacity relative to M1 and M2 macrophages. Furthermore, the Mox macrophages were generated in vitro from fully differentiated M1 and M2 macrophages, providing further evidence for macrophage plasticity under experimental conditions. The macrophages expressing Mox-specific markers were subsequently demonstrated in vivo in murine plaques and were found to localize separately from M1 and M2 cells, suggesting that in vivo plaque macrophage phenotype is also plastic and sensitive to the microenvironment. Perhaps the best direct evidence for in vivo macrophage plasticity has been provided not from the study of atherosclerosis but from models of murine tissue injury, in which, for example, a recent cell labeling study demonstrated in vivo phenotypic switching of M1 to M2 cells [56] .
Macrophage differentiation outside of the M1/M2 paradigm has also been demonstrated in human cells [57] . Surface antigen markers CD68 and CD14 were used to define macrophages differentiated with either M-CSF (CD68 + /CD14 + ) or GM-CSF (CD68 + /CD14 -) in vitro. M-CSF/GM-CSF-induced macrophage gene expression did not correlate accurately with the M1/M2 paradigm, with macrophages from each of the groups expressing a range of markers associated with both M1 and M2 differentiation. In vitro M-CSF-treated macrophages expressed several genes associated with the M2 phenotype, including IL-13, but also proinflammatory mediators such as monocyte chemotactic protein-1, a marker of classical M1 activation. Large numbers of these M-CSF-like macrophages were subsequently demonstrated in vivo through immunohistochemical studies of established human carotid plaques.
Similarly, in vitro differentiation of macrophages with M-CSF and CXC chemokine ligand 4 (platelet factor 4) generates cells which have significantly reduced expression of the scavenger receptor CD163. These have been classified as 'M4 macrophages', and similar macrophages with reduced CD163 expression have subsequently been found in human atherosclerotic lesions, suggesting that the M4 macrophage may be relevant to in vivo plaque biology [58] .
These studies demonstrate the diversity of macrophage activation within the atherosclerotic plaque, which cannot be fully explained by the in vitro M1/M2 classification.
Macrophage Dysfunction and the Vulnerable Plaque
Activated proinflammatory macrophages secrete a multitude of mediators, including cytokines, chemokines and growth factors, that contribute to the nonresolving inflammatory process in atherosclerosis. They activate overlying endothelial cells, promote the influx and retention of other inflammatory cells and cause VSMCs to migrate from the media to the intima of affected arteries. The variety and functions of these mediators are beyond the scope of this review and have been reviewed in detail elsewhere [e.g. 46 ] . This discussion will focus on the contribution of macrophages to fibrous cap thinning and plaque necrosis, key processes in the formation of the 'vulnerable plaque'.
Fibrous Cap Thinning
Human and murine plaques are covered by a fibrous cap that contains collagens, elastin and proteoglycans and helps to prevent the exposure of thrombogenic plaque contents to the vascular lumen. It is secreted primarily by VSMCs, which proliferate and take on a matrix-secretory phenotype during plaque progression. When the cap is breached, intraluminal exposure to plaque contents leads to sudden intraluminal thrombosis, which is thought to be the pathological mechanism underlying most acute occlusive vascular events in humans. The most common reason for this scenario to occur is plaque rupture, which happens at sites with a thin fibrous cap typically overlying the necrotic core. These sites are predominantly found at the shoulder regions of plaques and are associated with reduction and remodeling of ECM proteins including collagen and elastin [59] .
These vulnerable sites have few VSMCs, a result of VSMC apoptosis in advanced plaques, and also a high macrophage content [60] . In vitro, macrophages have been shown through coculture experiments to induce VSMC apoptosis. Cell-cell proximity and the interaction of Fas-L with its receptor on VSMCs activates apoptosis, which is augmented synergistically by M1-specific cytokines including TNF-␣ and IFN-␥ [61] . In vivo, a reduction in the number of VSMCs is thought to lead to a reduction in ECM secretion in the advanced plaque, which predisposes it to rupture. Furthermore, the apoptotic VSMCs produce procoagulant factors, including thrombin and tissue factor, that promote arterial thrombosis in the event of rupture [62] .
In advanced lesions, the existing cap ECM is also pathologically remodeled and weakened by the action of macrophage-derived protease enzymes, including matrix metalloproteinases (MMPs). In vivo study of MMP function is unfortunately limited by the fact that experimental murine lesions do not rupture. However, using plaque collagen content as a surrogate marker, it has been shown that macrophage-specific deletion of MMP-13 in the ApoE -/-mouse increases plaque collagen content, which is independent of lesion size and macrophage content [63] . Interestingly, MMP-13 has been shown to be M1 specific in murine macrophages [55] . This supports a role for M1-type macrophages in collagen depletion and hence fibrous cap thinning.
Clinically, increased circulating levels of MMP-9 in patients with documented coronary artery disease are associated with a higher risk of cardiovascular death [64] , and statins are known to reduce circulating levels of MMP-9 [65] , which may account for some of their atheroprotective effects. There is currently significant interest in inhibitors of MMPs and other plaque protease enzymes as potential therapeutic targets [reviewed in 66 ].
The Necrotic Core
Advanced vulnerable plaques are characterized by a large necrotic core containing many sick or frankly apoptotic cells, primarily macrophages. Contributing to core formation is a combination of macrophage apoptosis and ineffective phagocytic clearance of apoptotic cells by healthy macrophages, also known as efferocytosis. This combination contributes markedly to the nonresolving inflammatory process that typifies atherosclerotic plaques and is an essential part of plaque progression [15] . Numerous mechanisms have been suggested to explain macrophage apoptosis in advanced atherosclerotic lesions, including a lack of growth factors, the presence of toxic cytokines and oxidative stress. One theory which has been proposed and developed by Tabas and colleagues to explain the underlying mechanism of macrophage apoptosis in advanced plaques is the endoplasmic reticulum (ER) stress model [reviewed in 67 ]. Many intraplaque factors are known to cause ER stress, including oxidized lipids. Macrophages endocytose these lipids, and some of the intracellular cholesterol that is consequently derived is trafficked to the ER. This leads to ER stress signaling, also known as the unfolded protein response, with consequent upregulation of a number of genes, including several involved in apoptosis such as caspase enzymes and the transcription factor CHOP [67] . In human plaques, apoptosis and CHOP expression are increased in advanced vulnerable lesions with thin fibrous caps or evidence of rupture [68] . This suggests that macrophage apoptosis related to the ER stress signaling pathway is relevant to plaque necrosis and the development of vulnerable plaques.
Therapeutic Opportunities
Recent results from mouse models of atherosclerosis have revived hopes that clinical regression of the disease can be achieved [reviewed in 11 ], although it should be noted that the arteries examined in these models are rarely the coronaries, with obvious translational implications. In some of the models, a drastic reduction in nonhigh-density lipoprotein cholesterol or a significant elevation of high-density lipoprotein resulted not only in reduced macrophage content of plaques but also tilting of the phenotypic profile of the plaque macrophages from M1 to M2 [35, 69] , which supports the notion of macrophage plasticity in response to changes in the microenvironment summarized above.
The reduced content of macrophages in murine regression has been ascribed to a stimulation of an emigration pathway [70] or to reduced recruitment with ongoing apoptosis [71] and suggests that one therapeutic strategy would be to promote emigration by the upregulation of chemokine receptors on macrophages (such as CCR7) shown to be involved or the downregulation of macrophage retention molecules, such as netrin-1 [72] . Another would be to block recruitment, a strategy shown to be achievable not just by genetic means (e.g. the ablation of CCR2 in monocytes [73] ), but also by the application of a virally derived protein with chemokine receptor blocking ability [74, 75] . It is also possible to regulate apoptosis, but depending on the age of the plaque, there might be adverse consequences; for example, in advanced disease this may contribute to necrotic core expansion and greater plaque vulnerability as suggested by the work of Moore and Tabas [15] .
Perhaps more approachable would be small-molecule modifiers of the inflammatory or polarization states of the macrophages, since in each case of murine plaque regression that has been examined from this aspect, there was an increase in M2 and reduction in M1 characteristics, either change expected to be beneficial. However, direct plaque therapies to achieve this have the major limitation that general effects on the immune system need to be minimized. Nonetheless, for a promising agent, given the progress in nanotechnology that has already achieved carriers for toxic drugs to treat cancers [76] , it should be possible to target it to plaques. Indeed, the prospect of molecular imaging of atherosclerosis for diagnosis [77] , which involves the targeting of imaging agents to plaques, implies that this technology may not only be borrowed for therapeutic use, but can also be combined in a 'theranostic' approach. Furthermore, for the delivery of agents directly to plaques, another approach that has been suggested is to add them to stent coatings. This would not be relevant to those patients in the primary prevention group but could rapidly dampen the inflammatory state of macrophages in a diseased area in those experiencing acute coronary artery syndromes.
One current view of the 'problem' with plaque macrophages is that while the initial processes described in this review are part of their normal functioning in a hostile environment, there is a failure to resolve the inflammatory state. One factor contributing to this is thought to be impaired efferocytosis of dead or dying macrophages by their healthier neighbors [15] , suggesting that enhancement of this function of macrophages may be desirable. A growing number of molecular factors are involved in the efferocytosis process, and some of them may be promising specific targets for manipulation. Alternatively, more global promoters of efferocytosis, such as IL-10 and LXR agonists, may have potential application, especially if they can be delivered to plaques along the lines noted above, in order to avoid either systemic inflammatory immunosuppression (IL-10) or hepatic steatosis (LXR agonist).
Another approach to resolving the plaque inflammatory state is suggested by the work of Wan et al. [78] , in which conferring the ability in mice to synthesize longchain n-3 polyunsaturated fatty acids (normally obtained from fish in the diet) resulted in less atherosclerosis. The inspiration for this approach comes from the work of Serhan and colleagues, who have shown that these fatty acids can be converted into compounds dubbed 'resolvins', which in nonatherosclerotic settings have promoted inflammation resolution [reviewed in 79 ]. Related phenomena (decreased atherosclerosis progression, enhanced regression) have also been reported for another type of fatty acid, conjugated linoleic acid, though this is a member of the n-6 class [80] .
Finally, although this review has been focused on macrophages, as noted earlier, their phenotypic state is heavily influenced by a number of factors secreted by neighboring cells. In particular, the M2 phenotype can be induced in culture by IL-4 and IL-13, which, in vivo, presumably come from Th2 lymphocytes. One indirect approach to tilting the M1/M2 balance of plaque macrophages would be to change the ratio of Th1 to Th2 lymphocytes, which has recently been reviewed [81] .
Conclusion
Macrophage phenotype is heterogeneous, plastic and profoundly affected by local factors within the microenvironment. The relevance of this to atherosclerotic plaque progression, the generation of vulnerable plaques and ultimately the clinical events associated with plaque rupture is in the early stages of investigation. Further work should focus on increasing our in vivo knowledge, particularly to elucidate the exact phenotypes present in early and late, as well as 'vulnerable', human lesions. The effects of manipulating macrophage phenotype within the murine plaque will also be of great interest. As discussed above, we hope this will ultimately lead to the development of novel pharmacological agents aimed at reducing the burden of cardiovascular disease.
